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We investigate a novel technique for the astrophysical detection of axions or axion-like particles
in the dark matter halo of the Milky Way based on stimulated decay of axions, which we call axion
gegenschein emission. Photons from the brightest known radio sources with a frequency equal to
half the axion mass stimulate axion decay while propagating through the dark matter halo, causing
radio emission in a direction precisely opposite to the incoming photon in the axion rest-frame
and creating a countersource for every radio source, with an image smoothed by the dark matter
velocity dispersion. We calculate the flux of the axion gegenschein countersource of Cygnus A, the
brightest extragalactic radio source, and the limits that can be set with SKA to the axion-photon
coupling constant gaγ . We find this method to be more powerful than previous proposals based
on searching for radio emission from axion decay in nearby dwarf galaxies or the Milky Way. The
forecasted limits remain considerably higher than predictions from QCD axion models, and limits
that can be set with laboratory searches of radio waves generated in resonant cavities with strong
magnetic fields similar to the ADMX experiment, although this observation would directly measure
a column density of dark matter through the Galactic halo and is therefore not affected by possible
substructure in the dark matter distribution.
I. INTRODUCTION
Dark matter, the dominant mass component of the
Universe that determines the evolution of large-scale
structure according to the ΛCDM model [1], has long
evaded detection through non-gravitational interaction
despite consolidating support for its existence from as-
trophysics and cosmology [2].
One of the promising dark matter candidates is the
pseudo-scalar axion, arising in quantum chromodynamics
(QCD) as a pseudo-Goldstone boson in the context of
Peccei-Quinn symmetry breaking, invoked to solve the
strong CP problem [3]. The symmetry is broken by the
anomalous coupling to gluons,
L =
(
a
fa
−Θ
)
αs
8pi
GµνG˜µν , (1)
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where a is the axion field, fa the Peccei-Quinn scale, Θ
is the CP-violating parameter, and Gµν and G˜µν are the
color field tensor and its dual. The axion field potential
induced by non-perturbative QCD quantum effects has a
minimum at a = Θfa, therefore, the CP-violating term
is suppressed. The quadratic term in the potential in-
duces a mass for the axion field, ma, related to the QCD
topological susceptibility, which leads to the approximate
relation with the pion mass and scale mafa ≈ mpifpi. A
more precise computation using next-to-next-to-leading
order in chiral perturbation theory [4] leads to
mac
2 = 5.691
(
109GeV
fa
)
meV . (2)
The axion energy scale fa is related to the coupling
strength of axions to photons and other particles in the
Standard Model. The Lagrangian term to describe the
interaction of axions with electromagnetic fields is given
by
Laγ = gaγ aE ·B , (3)
where the Lorentz invariant scalar product of the electric
ar
X
iv
:2
00
8.
02
72
9v
1 
 [a
str
o-
ph
.C
O]
  6
 A
ug
 20
20
2and magnetic field arises from the product of the electro-
magnetic tensor and its dual, and the model-dependent
effective coupling is
gaγ =
αCaγ
2pifa
. (4)
Here, α is the electromagnetic coupling constant and
Caγ is a model-dependent dimensionless quantity of order
unity related to the color and electromagnetic anomaly.
A range of possible values of Caγ have been obtained us-
ing various phenomenological models [5, 6], represented
in the yellow band shown in Fig. 3.
More generally, non-QCD axion-like particles may
arise from a variety of physical mechanisms [7–9]. Then,
Eq. (2) no longer holds, allowing for the full parameter
space of axion mass and the gaγ coupling.
Ongoing experimental attempts at the direct detec-
tion of axions in the laboratory can be broadly catego-
rized into resonant cavity searches for axions contribut-
ing to the dark matter of the Milky Way halo, and X-
ray searches for axions produced in the Sun, often desig-
nated as haloscopes [10–12] and helioscopes [13, 14] re-
spectively, in addition to the light-shining-through-wall
experiments using Primakoff conversion of photon into
axions and vice versa [15]. An alternative way to de-
tect axions and axion-like particles in the µeV scale may
be through radio astronomy searches. The radiation can
originate as a result of axion-photon conversion in cosmic
magnetic fields, known as the Primakoff effect (e.g., [16]),
or alternatively, from spontaneous or stimulated decay of
axions into photons [17–19]. In the axion rest-frame, an
axion decays into two photons, each with an energy equal
to half the axion mass. The radio emission from stimu-
lated decay occurs when a radio wave is already present
at this energy, and the decay rate is enhanced by a fac-
tor equal to the sum of the photon quantum occupation
numbers in the two states in which photons are emitted
[20–24].
In this article, we propose a new technique for the de-
tection of axion dark matter using radio signals, in which
a bright radio source stimulates axion decay in the dark
matter halo of the Milky Way, and the resulting radio
emission is searched along the direction precisely oppo-
site to the source. The stimulated decay of axions gives
rise to two photons, one in the same quantum state as
the stimulating photon, and the other in the momentum
state with opposite direction, in the rest-frame of the de-
caying axion. Therefore, when looking in the direction
opposite to the source from the observer, photons pro-
duced from axion decay stimulated by the radio source
can be observed, which should appear as radiation that
has been back-scattered at precisely 180◦ from the in-
coming wave, except for small angular deviations due
to the dark matter velocity dispersion and bulk veloc-
ity relative to the radio observatory. This radio emis-
sion should have the spectrum of a narrow emission line,
with a width determined by the axion velocity dispersion
along the direction opposite to the radio source. Search-
ing for this stimulated emission in the direction opposite
to the stimulating source has the advantage of evading
the bright flux from the source, reducing the sky emis-
sion to only that from other independent sources in the
direction of observation, either galactic or extragalactic.
We propose to designate this effect as axion gegenschein,
in analogy to the zodiacal gegenschein emission that ap-
pears in the direction opposed to the Sun. This analogy
is made to reflect the observational effect of creating an
apparent source in the opposite direction of a bright ob-
ject, which we shall refer to as countersource, although
the physical process is a completely different one: zodi-
acal gegenschein is caused by preferential scattering of
light by dust particles at angles close to 180◦ owing to
the geometric shapes of holes on irregular dust grain sur-
faces, whereas the axion gegenschein we discuss here is
a quantum effect of stimulated emission producing pho-
tons with precisely opposite momentum to the incoming
photons from the original source.
An alternative idea proposed by [25] is to generate a
high-power radio beam with a radio telescope on Earth,
and detect the stimulated emission of the axion dark mat-
ter near Earth when it travels back to us. The difficulty
in this scenario is that the radio signal must be emitted
in a direction where the dark matter bulk velocity has
no transverse component, to avoid the Doppler shift in
the position where the gegenschein radiation is received.
At the same time, the presence of a dark matter velocity
caustic was assumed in [25] to reach the required sen-
sitivity, even for a large emitted radio power. Velocity
caustics might greatly reduce the velocity dispersion of
a fraction of the dark matter, but these caustics are not
likely to occur in realistic Cold Dark Matter models with
the expected power of the small-scale structure. In gen-
eral, the dark matter velocity dispersion spreads the echo
signal both in direction and frequency, implying that a
very small fraction of the gegenschein emission would re-
turn to Earth from the dark matter at large distances
from us. We focus on the detection of radio gegenschein
emission from axions arising from natural radio sources
in this paper.
In Section II we introduce the physical process and
observational setup for axion gegenschein. Section III
presents predictions for the brightness of this phe-
nomenon and the detection prospects in future radio fa-
cilities such as the Square Kilometer Array (SKA). Our
results are discussed in relation to indirect detection of
axion-like particles in Section IV, including comparisons
with previously proposed detection methods involving
stimulated emission.
II. RADIO SIGNAL FROM AXION
GEGENSCHEIN
The brightest extragalactic radio source in the sky is
Cygnus A, an Active Galactic Nucleus with powerful ra-
dio emission from a relativistic jet produced by the cen-
3tral black hole in a galaxy at the redshift z = 0.056,
which ends in two bright radio lobes formed by the colli-
sion of the jet with the surrounding intracluster medium.
The source is actually about 10 times brighter than the
second brightest extragalactic radio source at frequency
∼ 1 GHz, so we are lucky to be relatively close to one
of the most luminous radio sources in the present Uni-
verse. We will generally consider the search for gegen-
schein emission from Cygnus A as the most promising
source, although Galactic sources such as Cassiopeia A
(with similar radio brightness as Cygnus A) can also be
of interest. The set up is illustrated in Fig. 1, where
the yellow arrow represents the radio wave propagating
from Cygnus A, and the green arrow indicates the back-
scattered wave resulting from stimulated emission in the
Milky Way halo at a distance x from the radio telescope
in the Solar System (shown as a blue dot), and a distance
r from the Galactic Center (shown as a red dot).
FIG. 1. Illustration of the axion gegenschein phenomenon:
Radio waves from Cygnus A travel through the dark mat-
ter halo of the Milky Way (yellow arrow) and induce stimu-
lated emission by the axion dark matter. Along the continu-
ation of the line of sight to Earth to the direction opposite to
Cygnus A, the signal from stimulated emission we call axion
gegenschein, shown as the green arrow, travels back to Earth,
producing a countersource with a brightness resulting from
integrating the axion emission along the distance x from the
Solar System. This drawing is in the plane containing the two
directions to Cygnus A and the Galactic Center from the So-
lar System (which is close to the Galactic Disk plane because
Cygnus A has a Galactic latitude of b = 5.75◦); the angle
between the Galactic Center and the countersource direction
is θ = 103.74◦.
The countersource of Cygnus A should be smoother
and of slightly larger angular size compared to that of
Cygnus A, ∼ 2 arcmin. Cygnus A has an extended
structure containing the narrow jet and the two bright
radio lobes, and its countersource image should result
from smoothing the original source image with the dis-
tribution of the aberration angle due to the dark mat-
ter velocity dispersion σd, corresponding to an angle
σd/c ' 5 × 10−4 rad ' 2 arcmin. This should erase any
detailed angular structure from the original source. At
the same time, if the source is variable, we would observe
a smoothed historical rendition of the radio source bright-
ness over the past ∼ 105 years due to the roundtrip time-
delay of the back-scattered stimulated emission along the
line-of-sight through the Galactic halo. Note that in the
case of a Galactic supernova remnant radio source such
as Cassiopeia A, the flux of the countersource would be
substantially reduced owing to the short time since the
formation of the remnant, typically significantly shorter
than the light-travel time across the Galactic halo. The
countersource should have a pure emission-line spectrum,
with a line width determined by the dark matter ve-
locity dispersion along the line of sight. In contrast,
the astrophysical radio source has an intrinsic contin-
uum spectrum, although the faint stimulated emission
line spectrum from axion decay should also be observed in
the direction toward the source superposed on the much
brighter source continuum.
A. Physical process
The decay of axions of mass ma produces two photons
of frequency
hνd = mac
2/2 . (5)
In the absence of a photon field, the axion lifetime against
spontaneous decay to two photons is derived from Eq. (3)
[26]
τaγ =
64pi~
m3ac
6g2aγ
= 1.7× 1043
(
5.7× 10−6 eV
mac2
)3
×
(
Caγ 1.16× 10−15 GeV−1
gaγ
)2
yr . (6)
This extremely large decay time implies a very faint line
emission resulting from dark matter axion decay at the
spontaneous rate Γaγ = τ
−1
aγ , which should be observed
in all directions with a radio brightness proportional to
the dark matter column density.
In the presence of a photon flux from a source, the in-
tensity of the countersource wave created by stimulated
emission can be calculated as a classical process, by solv-
ing the classical field equations of the axion and electro-
magnetic field, in the limit when the axion dark matter
field has very large occupation numbers. Neglecting the
back-reaction to the axion field, the equations are re-
duced to a single differential equation for the outgoing
4electromagnetic wave,
(∂2t − c2∇2) ~A1 = −gaγ(c~∇× ~A0)∂ta , (7)
where a(t) is the background axion field, ~A0 is the vec-
tor potential of the incoming electromagnetic radio wave
emitted by the source, and ~A1 is the outgoing elec-
tromagnetic wave produced by the axions. The axion
background field is expected to be oscillating in time
with a frequency given by the mass, a(t) = a0 sin(ωat),
where ωa = mac
2/~, and the axion wave amplitude
is related to the axion dark matter energy density by
ρa = a
2
0m
2
a/(2c~3) [27]. By performing a Fourier trans-
form we can relate the incoming and outgoing electro-
magnetic waves, and derive the outgoing intensity of the
radio wave in terms of the incoming intensity. Thus, the
gegenschein intensity Ig, integrated over the axion decay
line frequency width, is [25] [27],
Ig =
~c4
16
g2aγ
∫ ∞
0
dx Isν(νd, x) ρa(x) , (8)
where Isν is the radio intensity per unit frequency of the
radio source at the frequency νd of Eq. (5), and the emis-
sion owing to stimulated decay in the halo travels along
the line of sight in the direction opposite to the source,
with a coordinate x originating at the position of the ob-
server, as illustrated in Fig. 1. The integral is performed
from the position of the Solar System to the maximum
distance at which dark matter can be considered to be
approximately at rest. Since the radio intensity Isν is
conserved along the line of sight, it can be taken out of
the integral.
Eq. (8) can alternatively be obtained by considering
the wave intensity arising from the spontaneous decay
of the axions along the direction of observation, and
multiplying it by the photon occupation number due to
the incoming wave in order to obtain the total inten-
sity produced by stimulated emission. The photon quan-
tum occupation number, Nγ , is related to the wave in-
tensity per unit frequency for a given polarization by
Iν = (ν/c)
2 hν Nγ . The spontaneous intensity along
the line of sight produced by an axion number density
ρa(x)/ma over a time dt is dIg = ρa/(maτa)hνd (c dt/4pi).
Therefore, the total gegenschein intensity is
Ig =
∫ ∞
0
dx
ρa(x)
maτa
c2
4piν2d
Isν(νd, x) . (9)
By replacing the axion decay lifetime from Eq. (6), we
recover Eq. (8).
B. Milky Way halo model
We shall assume in this work that the dark matter
halo of the Milky Way is entirely made of axions, and
its density ρa can be modeled as the spherical Navarro-
Frenk-White density profile [28],
ρa(r) =
δcρc
(r/rs) (1 + r/rs)
2 , (10)
where ρc = 3H
2
0/(8piG) is the critical density of the Uni-
verse, and rs is the characteristic scale radius. The halo
mass is normalized by the radius of virialization Rvir,
within which the mean dark matter density is ∆vir = 200
times the critical density of the Universe. The value of
200 is typically chosen in the literature as the overden-
sity at which a virial equilibrium of orbiting dark mat-
ter particles is established following cosmic infall. We
use the values found in [29] from a dynamical analy-
sis of the orbits of several dwarf galaxy satellites of the
Milky Way: Rvir = 221 kpc, and a concentration param-
eter rc = Rvir/rs = 11, corresponding to a scale radius
rs ' 20 kpc. This corresponds to a total halo mass within
the radius Rvir of Mvir = 1.17 × 1012M, for a Hubble
constant H0 = 68.2 km s
−1 Mpc−1.
The overdensity parameter δc is given by
δc =
∆vir
3
r3c
ln(1 + rc)− rc/(1 + rc) , (11)
With these values, the local density of dark matter de-
rived using the above expressions is 0.009M pc−3 =
0.34 GeV cm−3, and is in agreement with the rotation
curve of the Galactic Disk after a reasonable baryonic
component is added to the dark matter mass [30].
III. DETECTABILITY WITH RADIO
TELESCOPES
We now discuss the detectability of the stimulated de-
cay of axions from radio sources. We present a case
study involving the brightest extragalactic radio source,
Cygnus A, in which most of the low-frequency radio emis-
sion originates from the two radio lobes at the two ends of
the jet produced by the central supermassive black hole.
Each of the two radio lobes has a size of ∼ 0.5 arcmin,
and they are separated by∼ 2 arcmin. The countersource
should have a shape resulting from the convolution of the
original astrophysical radio source and the light aberra-
tion effect arising from the dark matter velocity disper-
sion σd ' 160 km s−1 of the Milky Way halo [31], with an
angular size corresponding to σd/c ' 5×10−4, or ∼ 2 ar-
cmin. Therefore, the countersource image should roughly
look like an ellipse elongated along the direction of the
separation of the two lobes of Cygnus A, with the small-
scale structure details of the Cygnus A surface brightness
being smoothed out as long as the dark matter velocity
distribution is a smooth function. The velocity of the
Earth with respect to the halo dark matter should also
cause a net displacement of the gegenschein source rela-
tive to the precise antipode of Cygnus A of a similar size
as the smoothing.
5The detectability of the radio countersource depends
on the galactic and extragalactic synchrotron radio back-
ground, which is superposed on the CMB blackbody and
the intrinsic noise of the telescope. In Fig. 2, we show
a 60◦ × 60◦ portion of the Haslam all-sky radio map at
408 MHz [32], centered on the sky position opposite to
Cygnus A (shown as a black dot), at Galactic coordi-
nates (` = 256.20◦, b = −5.75◦). Although this position
is relatively close to the Galactic plane and ∼ 8◦ from
the Vela supernova remnant, the radio background is not
particularly strong for such low galactic latitude, as can
be seen in Fig. 2.
FIG. 2. A 60◦ × 60◦ cutout of the Haslam radio sky map
at 408 MHz centered on the sky position opposite to Cygnus
A, where the axion gegenschein countersource would be ex-
pected (galactic coordinates: 256.20◦, -5.75◦), marked as a
black dot. The cutout is from the standard Mollweide projec-
tion centered on the Galactic Center; longitude at the equator
(dashed line) extends from 226.2◦ at the left margin to 286.2◦
at the right margin, while the latitude ranges from -35.75◦
(bottom) to +24.25◦ (top). The sky brightness temperature,
Tbg, is shown using the color bar to the right, with a range
from 10 K (blue) to 250 K (red).
A. Flux of the Cygnus A countersource
We use the spectral fit to the radio flux per unit fre-
quency for Cygnus A, SAν , obtained by [33],
logSAνd(νd) = a+ b log νd + c log
2 νd , (12)
where the fit parameters are a = 4.695, b = 0.085, and
c = −0.178 when the flux per unit frequency is expressed
in Jy and frequency in MHz.
Combining Eq. (8) with the dark matter profile of
Eq. (10), we compute the intensity of the back-scattered
radio signal of Cygnus A. Although surface brightness
is a conserved quantity during propagation of light rays,
the dispersion of the stimulated emission caused by the
dark matter velocity dispersion means that the intensity
of the gegenschein emission is reduced compared to the
original intensity Ig derived from Eq. (8). Because the
distance to Cygnus A is very large compared to the size
of Milky Way’s dark matter halo, we approximate the
intensity from Cygnus A to be constant along the halo
path, and integrate it over a solid angle to obtain the flux
per unit frequency SAν . The flux of the Cygnus A gegen-
schein SAg, integrated over the axion decay line width,
is then,
SAg =
~c4
16
g2aγ SAν(νd)
∫ ∞
0
dx ρa[r(x)] , (13)
where x is the distance from the Sun along the path of
gegenschein emission (see Fig. 1), and νd is given by
Eq. (5). This flux is distributed in frequency over the
axion decay line. We assume that the dark matter ve-
locity distribution is Gaussian, with the one-dimensional
dispersion σd. We find that for a top-hat frequency pro-
file for the bandwidth, the optimal frequency width to
achieve a maximum signal-to-noise ratio (where the sig-
nal is the fraction of the Gaussian line profile included in
the top-hat bandwidth, and the noise is proportional to
[∆ν]1/2) is
∆ν = 2.17νd
σd
c
. (14)
The flux inside the bandwidth is reduced by a fraction
f∆ = 0.721, to f∆SAg.
The proper motion of Cygnus A in the sky should be
very small given the large distance derived from its cos-
mological redshift z = 0.056. It is, therefore, a good
approximation to consider its light rays propagating in
a fixed parallel direction in the rest frame of the halo.
Furthermore, the image of Cygnus A has probably not
changed substantially over the last ∼ 105 years on ac-
count of its physical size of ∼ 100 kpc, thus the roundtrip
light travel time to the gegenschein emission along the
path should not greatly affect the expected brightness.
These considerations are likely to be more important for
Galactic sources, which may have short lifetimes (as is the
case for supernova remnants), and where the gegenschein
emission would often be substantially smeared along the
direction of the source motion with respect to the halo
dark matter.
In addition, we note that when observing from a facil-
ity on Earth, the Earth shadow might in principle have an
effect if both the Earth and the surrounding dark matter
are considered to be at rest. Diffraction would not remove
the shadow owing to the precise emission of photons from
stimulated decay into the original photon quantum states
with reversed momentum. However, both the motion of
the Earth and the smoothing due to the dark matter ve-
locity dispersion should erase any Earth shadow beyond
a distance from the Earth larger than 1 AU, which is
6negligible compared to the distance over which the dark
matter density is integrated.
B. Detectability of the countersource in the axion
parameter space
Ground-based radio astronomy will experience a large
increase in sensitivity with SKA-mid and SKA-low,
which can probe the frequency range of interest for the
corresponding mass ranges of the QCD axion and axion-
like particles. The detectability of a source depends on
reaching a sufficient signal-to-noise to obtain a signal,
in terms of the flux of the countersource, which clearly
exceeds the noise of the power detected in a specific con-
figuration of the radio telescope in use. In general, the
noise of the power measured in a radio telescope over
a frequency bandwidth ∆ν, with a total observing time
tobs, is
Pnoise = 2kBTs
√
∆ν
tobs
, (15)
where kB is the Boltzmann constant. The system tem-
perature Ts contains contributions from the total sky
background emission, the atmospheric sky emission, and
the receiver noise of the radio telescope and instrument.
In our case, the axion gegenschein countersource can be
detected as an excess flux in the axion decay emission
line of width given by Eq. (14), compared to the contin-
uum system temperature around it. Assuming that the
flux from the source can be fully collected in the beam
of the radio telescope configuration, the obtained radio
signal power is
Psignal = ηAS , (16)
where A is the total collection area, S is the source flux
integrated over the frequency bandwidth ∆ν, and η is
the efficiency of the radio telescope.
SKA-low is an array of dipole antennas with a total
collecting area of A = 419, 000 m2, operating in the fre-
quency range of ν = 50− 350 MHz. SKA-mid is an array
of Na = 5659 single-dish antennas, each with a diameter
of D = 15 m, and operates between ν = 350 MHz and
ν = 15.4 GHz. This leads to a total collection area for
SKA-mid of A = NapiD
2/4 = 106 m2. Both SKA-low
and SKA-mid have an efficiency of η ' 0.8 , and the re-
ceiver temperature is Tr = 20 K for SKA-mid and 40 K
for SKA-low [34] [35]. We derive our estimates based on
the Phase 2 operation of the SKA telescopes.
The system noise temperature Ts is the sum of the
components:
Ts = Ta + TCMB + Tbg + Tr . (17)
In our frequency range of interest, we adopt an at-
mospheric contribution Ta = 3 K [36]. The cosmic
microwave background temperature is TCMB = 2.725
K, and the dominant synchrotron background from the
Milky Way or extragalactic sources contribute a bright-
ness temperature that we estimate from the 408-MHz
Haslam all-sky map [32]. We express the sky tempera-
ture as a function of frequency using the power-law form
Tbg(ν) ∝ νβ , adequate for synchrotron radiation, with an
average value β = −2.55. We adopt the normalization
Tbg = 60
(
300 MHz
ν
)2.55
K , (18)
which corresponds to Tbg ' 27 K at ν = 408 MHz, close
to the value shown in Fig. 2 at the expected countersource
position.
If an n − σ detection is desired to identify an emis-
sion line from axion decay, we can compute the limiting
value of the axion to photon coupling gaγ that produces
a ratio Psignal/Pnoise = n from Eqs. (15) and (16). The
corresponding result can be expressed as
g−2aγ =
~c4Aη
32kBTs
√
tobs
∆ν
SAν(νd)f∆
n
∫ ∞
0
dx ρa[r(x)] . (19)
We use the dark matter halo density profile described in
section II B to compute the integral in the above equa-
tion, using Eq. (10) and r(x) = (x2 +R2s−2xRscosθ)1/2,
where θ = 103.74◦ is the angular separation between the
Galactic Center and the countersource computed from
the Galactic coordinates of Cygnus A, ` = 256.20◦ and
b = −5.75◦.
The result in Eq. (19) for the countersource of Cygnus
A, assuming 100 h of observation at a single frequency
band, in a bandwidth given by Eq. (14) with σd =
160 km s−1, is shown in the gaγ − ma axion parameter
space in Fig. 3, for a signal-to-noise ratio n = 1, as
the solid green curve for SKA-mid, and the solid red
curve for the SKA-low projected sensitivities. The fre-
quency of observation is related to the axion mass im-
plied from Eq. (5). The grey horizontal band shows
the region excluded from the solar axion limits of the
CAST experiment [13]. Also shown as turquoise verti-
cal bands are the limits from present haloscope bounds
obtained by the ADMX experiment [10], RBF and UF
[37–39], HAYSTAC [40], and Rydberg [41]. The diago-
nal yellow band is the zone of the parameter space deter-
mined by models that address the strong CP problem in
QCD [5, 6]. The dashed blue curve shows a different limit
obtained through a calculation of photon flux from ax-
ion decay in dwarf spheroidals near the Milky Way using
SKA-mid, as presented by [18, 19, 42], also for a signal-
to-noise ratio n = 1 and tobs = 100 h. We note that
our limit using the gegenschein countersource of Cygnus
A is better at all frequencies, except at the highest fre-
quencies of SKA-mid. However, the fraction of the axion
decay flux f∆ that is realistically included in the observed
bandwidth was apparently not included in [18], who ne-
glected the factor 2.17 in Eq. (14) and assumed that all
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FIG. 3. Axion parameter space in terms of axion-photon coupling, | gaγ |, plotted against axion mass, ma, in the range of
interest. The frequency scale appended at the top corresponds to the frequency of the radiation resulting from the decay of
axions of mass ma according to Eq. (5). The turquoise vertical bands represent haloscope bounds from cavity searches and
the grey horizontal exclusion region is derived from the helioscope CAST. In the mass window corresponding to the frequency
range covered by SKA-low (50-350 MHz) and SKA-mid (350 MHz-15.4 GHz) for 100 h of observation, we show the limits
obtained using the axion gegenschein scheme for Cygnus A in red and green, respectively. As a reference for comparison, we
also show the limit obtained from the Milky Way’s dwarf spheroidals by [18] in blue dashed curves together with the current
experimental bounds. The yellow band shows the region of the parameters space determined by models that address the strong
CP problem in QCD [5, 6]
of the line flux would be within the bandwidth, implying
that their curves should be raised by a factor (0.49)−1/2
in Fig. 3. Comparing the results to the present limits
from ADMX, and to the yellow band in the parameter
space where the QCD axion would be expected, we ob-
serve that radio searches using SKA would still be far
from a detection in the parameter region of interest for
axions.
IV. DISCUSSION AND CONCLUSIONS
If dark matter is made up of axions that can decay
to two photons at a rate governed by the axion-photon
coupling constant gaγ in Eq. (3), every radio source in
the sky should create a countersource owing to the axion
gegenschein emission caused by stimulated axion decay.
We have calculated in this paper the brightness expected
for this countersource, focusing on the case of Cygnus A,
and the possibility of a detection with SKA, the most
8powerful radio astronomy facility planned at the present
time.
As we have shown in Fig. 3, the gegenschein counter-
source of Cygnus A can lead to a more stringent con-
straint on the axion decay constant compared to limits
based on a search for radio emission from dwarf galaxies
proposed in [18, 19, 42]. This result can be easily un-
derstood by noting that the axion emission signal that
can be detected by a radio telescope from an axion dark
matter system with average dark matter surface density
Σ¯a within an observed solid angle Ωo is proportional to
S ∝ Σ¯aTs ΩoAηtobs. Here the radio brightness tempera-
ture Ts at frequency νd is that from sources behind the
axion dark matter, and determines the axion line inten-
sity of the countersource due to stimulated emission. We
neglect the spontaneous decay of axions here, assuming
that the photon occupation number is always large. At
the same time, the noise over the frequency bandwidth
of Eq. (14) is proportional to N ∝ Tn (ΩoσdAηtobs)1/2,
where Tn is the sky noise temperature due to all forms of
emission at the countersource position (both background
and foreground). The signal-to-noise ratio of the radio
intensity measurement of the axion line in the counter-
source is therefore proportional to
S
N
∝ Σ¯a Ts
Tn
(
ΩoAη tobs
σd
)1/2
. (20)
We have also neglected here the spreading of the coun-
tersource solid angle due to the transverse dark matter
velocity dispersion, assuming that the angular dispersion
σd/c is smaller than the observed size Ω
1/2
o . Moreover,
we assume that the source is constant in time and has
negligible proper motion. Note that the often used D-
factor in the literature to compare different candidate
sources of photon emission from dark matter [43, 44] is
given by D = Σ¯aΩo but that the relevant quantity for the
signal-to-noise ratio of axion radio emission is Σ¯aΩ
1/2
o .
A clear intuitive understanding of sources of emission
from axion decay and their gegenschein countersources
emerges from Eq. (20). For a radio source with a bright-
ness temperature that is considerably larger than the
typical sky temperature (Ts  Tn), observing the gegen-
schein countersource is generally significantly better than
observing the source, because of the gain by the factor
Ts/Tn in signal-to-noise. While comparing different ax-
ion sources of emission, the important quantity to be
maximized is Σ¯a(Ωo/σd)
1/2.
For example, for the dwarf galaxy Reticulum II, pro-
posed as an optimal source by [18], the analysis of
[44] shows that the system should be observed over
the largest angle in their Table 1, about 1◦ (for which
Σ¯a ' 2× 108 M kpc−2), for a maximum signal-to-noise.
The value of Σ¯a/σ
1/2
d within this angle for Reticulum II
is actually only ∼ 4 times larger than for a typical line of
sight through the Milky Way, but the Milky Way can be
observed over a much larger solid angle of ∼ 104 square
degrees. The emission from axion decay in the Milky Way
is therefore always observable at a higher signal-to-noise
than that of Reticulum II, which has been considered
the most promising dwarf galaxy for emission from axion
decay.
At the same time, observing the gegenschein emission
is advantageous at low frequencies in order to obtain a
higher signal-to-noise. If we observe radiation from the
Milky Way, we can focus on the central disk region of
brightest emission, which is roughly the region of width
∼0.1 rad around the Galactic plane and 1 rad around
the Galactic Center (i.e., a solid angle of Ωo ∼ 0.1 sr),
with Ts > 250 K at ν = 408 MHz (see the Haslam map,
[32]). While looking towards the opposite direction in the
sky, the signal-to-noise can be enhanced by Ts/Tn ' 10
over Ωo ∼ 0.1, where the surface density Σ¯a should be
only moderately reduced if the Galaxy dark matter halo
has a large core. Finally, for the Cygnus A gegenschein
countersource, the advantage of a high photon occupa-
tion number is more important than the reduced solid
angle: over a region Ωo ∼ 10−6 sr (or 3 arcmin in angular
size), the brightness temperature at ν = 408 MHz corre-
sponding to the flux of 5 kJy is Ts ∼ 106 K (or a photon
occupation number close to 108 for stimulated emission).
The factor Ts/Tn ∼ 104.5 more than compensates for the
reduction due to Ω
1/2
o compared to observing the whole
Milky Way.
Comparing the observation of the emission from Retic-
ulum II proposed by [18] with our proposal of observing
the Cygnus A gegenschein as the most promising source,
the factor Ts/Tn ' 104.5 by which we gain at ν = 408
MHz stays nearly constant at lower frequencies, because
the Cygnus A source and the synchrotron sky background
have very similar spectra. On the other hand, compared
to the case of Reticulum II, our signal-to-noise is re-
duced as Ω
1/2
o by a factor ∼ 30, and as σ−1/2d by a factor∼ 6, while the mean surface density Σ¯a is similar in the
two cases. Overall, our predicted signal-to-noise for the
Cygnus A countersource is still larger by a factor of more
than 100 compared to that for Reticulum II, correspond-
ing to the factor of ∼ 10 difference in the expected upper
limit on gaγ shown in Fig. 3 for the two methods at low
frequencies. Let us also note that a narrow frequency
bandwidth is an advantage only when the frequency to
be searched is known, and that the prediction of [18] is
too optimistic because of their incorrect assumption for
the optimal detection bandwidth in Eq. (14). Further-
more, the assumption Ts/Tn ' 1 for the case of emission
from Reticulum II is valid only if the sky noise originates
mostly from the background of the dwarf galaxy, rather
than the foreground. In reality, part of the synchrotron
radiation is emitted by the Milky Way’s ionized gas in
the foreground.
Despite the sensitivity increase of the axion decay radio
searches brought about by searching for the gegenschein
emission from Cygnus A compared to previous propos-
als, the limits that can be realistically obtained with SKA
are still far above the expected signal in the QCD axion
models, as seen in Fig. 3. The method is not compet-
9itive at this point compared to axion searches by labo-
ratory experiments using similar detection techniques as
ADMX, although it has the advantage of being able to
detect clumpy dark matter from its average surface den-
sity along the line of sight, even if the dark matter is not
present in the vicinity of Earth.
In spite of its present low sensitivity, the observation
of axion gegenschein from an astrophysical radio source
would be one of the cleanest indirect search signatures of
axions. No astrophysical events are known that might
mimic a positive measurement of the monochromatic
countersource signal exhibiting the distinctive spatial dis-
tribution predicted by the astrophysical source originat-
ing the gegenschein effect in the opposite direction.
In summary, we have shown in this article that if ax-
ions are a constituent of the dark matter and their cou-
pling to photons is sufficiently strong, the gegenschein
phenomenon caused by their stimulated decay should be
observed in a sky direction opposite to a bright radio
source, as narrow line emission with an angular extent
smoothed by the velocity dispersion of dark matter. We
conclude that a gegenschein search for Cygnus A, the
brightest extragalactic radio source, is more sensitive to
axion decay than observations of any dwarf galaxies or
the diffuse Galactic Disk emission.
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